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ABSTRACT
The morphology of thin stellar streams can be used to test the nature of dark matter. It is therefore
crucial to extend searches for globular cluster streams to other galaxies than the Milky Way. In this
paper, we investigate the current and future prospects of detecting globular cluster streams in external
galaxies in resolved stars (e.g. with WFIRST) and using integrated light (e.g. with HSC, LSST and
Euclid). In particular, we inject mock-streams to data from the PAndAS M31 survey, and produce
simulated M31 backgrounds mimicking what WFIRST will observe in M31. Additionally, we estimate
the distance limit to which globular cluster streams will be observable. Our results demonstrate that
for a 1 hour (1000 sec.) exposure, using conservative estimates, WFIRST should detect globular cluster
streams in resolved stars in galaxies out to distances of ∼3.5 Mpc (∼2 Mpc). This volume contains
199 (122) galaxies of which >90% are dwarfs. With integrated light, thin streams can be resolved
out to ∼100 Mpc with HSC and LSST and to ∼600 Mpc with WFIRST and Euclid. The low surface
brightness of the streams (typically >30 mag/arcsec2), however, will make them difficult to detect,
unless the streams originate from very young clusters. We emphasize that if the external galaxies
do not host spiral arms or galactic bars, gaps in their stellar streams provide an ideal test case for
evidence of interactions with dark matter subhalos. Furthermore, obtaining a large samples of thin
stellar streams can help constrain the orbital structure and hence the potentials of external halos.
Keywords: Key words: dark matter Galaxy: halo Galaxy: structure Galaxy: kinematics and dy-
namics globular clusters: individual (Palomar 5):
1. INTRODUCTION
Stellar streams form when a gravitationally bound
ensemble of stars tidally tears apart, due to an underly-
ing galactic potential. To date, we have observed a mul-
titude of stellar streams in our own Galaxy, emerging as
leading and trailing arms from both open clusters (e.g.
Ro¨ser et al. 2019) and globular clusters (e.g. GD1: Grill-
mair & Dionatos 2006, Palomar 5: Odenkirchen et al.
2001), as well as dwarf galaxies (e.g. Sagittarius: Ibata
et al. 2001b, Orphan: Belokurov et al. 2006). Following
the release of Gaia DR2 (Gaia Collaboration et al. 2018),
more than 60 stellar stream candidates have been sug-
gested in the Milky Way alone (e.g. Ibata et al. 2019a).
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Several stellar streams have additionally been discovered
in external galaxies (e.g. Ibata et al. 2001a, Mart´ınez-
Delgado et al. 2010). Based on the widths and surface
brightnesses of the stellar streams in external galax-
ies, these streams are likely relics from tidally disrupted
dwarf galaxies (e.g. Mart´ınez-Delgado et al. 2012, Rich
et al. 2012, Annibali et al. 2012).
Since the discovery of stellar streams, several studies
have proposed to use the observed properties of streams
to measure the mass distribution in our Galaxy, includ-
ing its dark matter (e.g. Johnston et al. 1999, Koposov
et al. 2010, Law & Majewski 2010, Sanderson et al. 2015,
Bovy et al. 2016). Stellar streams from globular clusters
(GCs) are of particular interest, as they are dynamically
cold (i.e. the internal kinematics of globular clusters are
much smaller than the clusters’ orbital velocities around
their host galaxies). As a consequence, the streams from
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GCs phase-mix slowly and leave behind stars moving
coherently in phase-space along thin leading and trail-
ing arm for several gigayears (Gyr) that can be dense
enough to be detectable with today’s surveys. Because
the streams are so cold, they are particularly sensitive
to any deviations from smooth, symmetric potentials -
and hence particularly useful for probing dark matter
distributions.
While studies to measure the potential of the Galaxy
have typically relied on multiple dimensions of data,
including kinematics, there are some specific examples
where the morphology of thin streams are alone infor-
mative. For example, the Λ-cold dark matter (ΛCDM)
paradigm predicts a specific distribution and mass range
of dark matter subhalos in our Galaxy (see e.g. Diemand
et al. 2008, Bovy et al. 2017, Bonaca et al. 2018). Ibata
et al. (2002) and Johnston et al. (2002) showed that the
interaction between dark matter subhalos can leave be-
hind signatures in the structure of stellar streams. Den-
sity fluctuations in GC stellar streams can therefore, in
principle, provide indirect evidence of interactions with
dark matter substructure, and serve as a test of ΛCDM
(e.g. Yoon et al. 2011, Erkal et al. 2016, Bovy et al. 2017,
Bonaca et al. 2018).
In addition, the morphology of GC stellar streams
provide broad constraints on dark matter halo shapes,
as only certain orbits in triaxial matter distributions al-
low thin, long streams to exist (Pearson et al. 2015). In
particular, thin, long streams should only be detectable
on regular or resonantly trapped orbits. Thus, their pres-
ence and location can provide a map of these regions in
the orbit structure of a potential (Pearson et al. 2015,
Price-Whelan et al. 2016, Yavetz et al., in prep.).
The fact that useful information can be extracted
from the morphology of thin GC streams alone opens
up the exciting possibility of applying some of the in-
tuition built for streams around our own Milky Way to
other galaxies. GC streams, however, have lower masses,
are thinner than streams from dwarf galaxies, and are
therefore harder to detect in external galaxies. Inter-
estingly, Abraham et al. (2018) reported a detection of
the “Maybe Stream” with the Hubble Space Telescope
(HST), which they suggest could be a GC stream 20
Mpc away.
In this paper, we investigate current and future
prospect of observing thin, globular cluster streams in
external galaxies both through resolved stars and inte-
grated light. Specifically, we ask whether globular cluster
streams will be observable in resolved stars with upcom-
ing telescopes such as WFIRST (Spergel et al. 2013,
Spergel et al. 2015), or in integrated light with cur-
rent telescopes such as the Hyper Suprime-Cam (HSC:
Miyazaki et al. 2012) and future telescopes such as LSST
(Ivezic´ et al. 2008) and Euclid (Racca et al. 2016).
The paper is organized as follows: in Section 2, we
describe the properties of globular cluster streams and
how we create mock-streams to test whether they are ob-
servable. In particular we describe the Palomar 5 (Pal
5) globular cluster stellar stream which we use as our
fiducial model (Section 2.1), we describe how we pop-
ulate our streams with stars (Section 2.2), and how we
calculate widths and lengths of mock-streams at vari-
ous galactocentric radii (Section 2.3). In Section 3, we
present the results on detecting streams in resolved stars
in the Andromeda galaxy (M31) (Section 3.1), in other
external galaxies (Section 3.2) and in integrated light
(Section 3.3). We discuss the implications of our results
in Section 4 and conclude in Section 5.
2. COLD GLOBULAR CLUSTER STELLAR
STREAMS
Our goal is to estimate the observability of GC stellar
streams in external galaxies. In this Section, we describe
the framework we use to create mock stellar streams. We
chose the Milky Way’s stellar stream, Pal 5, as our ref-
erence stream, because the progenitor cluster of Pal 5’s
stream has been observed, which is only the case for very
few known streams. Knowing the progenitor, enables us
to determine the properties of the overall system more
precisely (such as age, mass, metallicity, and orbit).
2.1. Palomar 5 data
Ibata et al. (2016) presented photometric data of
Pal 5 taken with the MegaCam instrument at the 3.6m
Canada-France-Hawaii Telescope (CFHT) during 2006-
2008. The CFHT g, r bands provide data down to g0 =
24 with good precision around the cluster main-sequence
turnoff (g0 refers to the extinction corrected value for g).
In particular, their sample of stars with 20 < g0 < 23 has
a completeness of 80% (see Ibata et al. 2016 and Ibata
et al. 2017 for more details). From Ibata et al. (2016)
figure 7, we estimate that there are ∼1800 stars in the
stream between 20 < g0 < 23 over a length of 20 deg
and a width of 0.14 deg if we exclude the cluster stars.
Recently, Bonaca et al. (in prep.) analyzed Pal 5 in
the photometric catalog of the DECam Legacy Survey
(DECaLS) which is a part of the DESI Legacy Imaging
Surveys (Dey et al. 2019). They found that there were
3000± 150 stars in the Pal 5 stream between 20 < g0 <
23 excluding the cluster and after subtracting the back-
ground. Both Bonaca et al. (in prep.) and Ibata et al.
(2016) reach a similar limiting magnitude of (g0 < 24),
and the discrepancy in the number of stars between 20
< g0 < 23 for the two data sets is likely due to a bet-
ter star/galaxy separation in DECaLS. Throughout the
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Figure 1. Top Left: CHFT (g, i)0 color-magnitude diagram (CMD) showing a Pal 5-like cluster isochrone from the PARSEC
system moved to the distance of Pal 5 in the Milky Way (d = 23.5 kpc, dmod = 16.86: Dotter et al. 2011). We use the same
values for the cluster as Ibata et al. (2017): Age = 11.5 Gyr and [Fe/H] = −1.3. The two horizontal lines show the faintest
magnitude CHFT can observe (g0 < 24.0) at Pal 5’s current distance in the Galaxy, and the faintest magnitude PAndAS can
observe (g0 < 25.5) in M31 (d = 785 kpc, dmod = 24.47). Note that at M31’s distance, only the brightest red giant branch stars
can be observed. Top Middle: The luminosity function for the PARSEC Pal 5-like cluster normalized such that the amount
of stars between 20 < g0 < 23 = 3000 (Bonaca et al., in prep.). Top Right: The cumulative number of stars in a Pal 5-like
stream (solid line), a 5 × more massive Pal 5-like stream (dotted line), and a 10 × more massive Pal 5-like stream (dashed line)
for a given limiting g0-mag. The vertical lines show the limiting magnitude of PAndAS (g0 < 25.5) at the distance of M31 (i.e.
shifted by 7.66 magnitudes from Pal 5’s current location), and the limiting magnitudes of CHFT (g0 < 24) at the distance of
Pal 5 in the Milky Way. We indicate the amount of stars PAndAS should be able to observe for the Pal 5-like (n∗ = 68 ± 8), 5
× Pal 5-like (n∗ = 292 ± 43) and 10 × Pal 5-like stream (n∗ = 623 ± 84) in M31 (see n∗). Bottom Left: This row shows the
same as the top row but for a Pal 5-like isochrone from WFIRST bands (Z087 and J129) and WFIRST limiting magnitudes
for a 1 hour exposure (Z087 < 28.54). Bottom middle: To compute the WFIRST luminosity function, we sampled the exact
same initial masses from the WFIRST isochrone downloaded from the PARSEC system as for the g0-band above. Therefore, the
WFIRST luminosity function is normalized to the Pal 5 stream between 20 < g0 < 23. Bottom right: For an exposure time of
1 hour, WFIRST will be able to observe n∗ = 1299 ± 93 stream stars at the distance of M31 for a Pal 5-like cluster, n∗= 6448
± 486 stream stars for the 5 × more massive cluster, and n∗ = 12824 ± 966 stream stars for a stream emerging from a cluster
with 10 × the mass of Pal 5. All of these stars should be near the turn-off, on the red giant branch and later evolutionary stages
(see left panel).
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paper, we use 3000 ± 150 stars between 20 < g0 < 23
to estimate how many stream stars there are in Pal 5’s
stellar stream at any given magnitude (see section be-
low).
2.2. Isochrones & luminosity functions of streams
To construct mock-streams, we first download
isochrones for a Pal 5-like cluster from the PARSEC evo-
lutionary tracks (Bressan et al. 2012, Marigo et al. 2017).
We use the same values for the Pal 5-like cluster as Ibata
et al. (2017): the age of the cluster is set to 11.5 Gyr and
the metallicity is fixed as [Fe/H] = −1.3. We download
the isochrone for both CFHT bands and WFIRST bands
and shift the isochrones to Pal 5’s current distance in the
Milky Way (d = 23.5 kpc, dmod = 16.86: Dotter et al.
2011). We plot the shifted isochrone in the CFHT g0
and i0-bands in the upper left panel of Figure 1. We
also plot horizontal lines indicating which part of the
isochrone is observable (the part of the isochrone that
is above the vertical lines) given CFHT’s limiting mag-
nitude (g0 < 24) at Pal 5’s location in the Milky Way,
and given PAndAS’ limiting magnitude (g0 < 25.5) in
M31 (see the top horizontal line).
Subsequently, we compute a luminosity function, by
sampling masses (m = 0.01 − 120 M) from a power
law initial mass function (IMF: dN/dm ∝ m−0.5 as used
by Ibata et al. 2016), and use the isochrone tables for
age = 11.5 Gyr and [Fe/H] = −1.3 to infer the stars’
magnitudes.
To determine how many stars we can observe in a Pal
5-like stream at a given limiting magnitude, we normal-
ize the luminosity function from CFHT such that there
are 3000 stars (Bonaca et al., in prep.) with 20 < g0 < 23
(see Figure 1, top, middle panel). We then compute the
cumulative number of stars at a given limiting magni-
tude (see Figure 1, top right panel, solid line).
Globular clusters have a spread in masses (Harris
1996), and many are more massive than the inferred
initial mass of Pal 5 (∼50, 000 M: Ibata et al. 2017).
We therefore repeat the above exercise for streams with
five (dotted line) and ten (dashed line) times the cur-
rent stellar mass in the Pal 5 stream, where we resam-
ple the IMF such that there are 15,000 stars between
20 < g0 < 23 (five times more than for the observed Pal
5-stream) and 30,000 stars between 20 < g0 < 23 (ten
times more than for the observed Pal 5-stream). Note
that even more massive globular cluster streams exist
(see e.g. Ibata et al. 2019b), and that our estimates are
therefore conservative.
In the top, right panel of Figure 1, we show that the
PAndAS survey (McConnachie et al. 2018, see more de-
tails in Section 3.1.1) should detect 68 ± 8 stars in a
Pal 5-like stream at the distance of M31 (dmod = 24.46,
see vertical line), 292± 43 stars for a stream that is
five times more massive than Pal 5, and 623± 84 stars
for a stream that is ten times more massive than Pal
5. The scatter arises due to the IMF sampler, and we
have sampled the three IMFs 100 times to estimate the
1σ deviation from the mean value. All of the observable
stars are at brighter magnitudes than the main sequence
turnoff (see left panel of Figure 1) and are in the red gi-
ant branch (RGB) or more evolved stellar evolutionary
stages. The two vertical lines show the limiting mag-
nitude of the PAndAS survey if Pal 5 were residing in
M31, and the limiting magnitude of Ibata et al. (2016)’s
CHFT Pal 5 survey at the distance of Pal 5’s current
location in the Milky Way.
In the bottom row of Figure 1, we show the same
panels as in the top row, but now using downloaded
PARSEC Pal 5-like isochrones in WFIRST Z087 and
J129-bands. We used the same properties of the Pal 5-
like cluster as described above (i.e. Age = 11.5 Gyr and
[Fe/H] = −1.3).
To estimate how many stars WFIRST should be able
to observe in a Pal 5-like stream, we normalized the
luminosity function by sampling the exact same initial
masses in the dowloaded WFIRST isochrone as for the
g0-band CFHT masses. This provides us with the num-
ber of stars WFIRST will observe at a given magnitude.
Throughout the paper, we use a 1 hour exposure time
to determine the limiting magnitude of WFIRST. For
the Z087-band this is Z087 < 28.54. In Appendix A,
we show how our results differ if we instead use the
WFIRST guest observer capabilities of a 1000 second
exposure, where the limiting Z087-band magnitude is
Z087 < 27.15 (Spergel et al. 2013).
At the distance of M31 and with a 1 hour exposure
time, WFIRST will be able to detect 1299± 93 stars in
a Pal 5-like stream, 6448 ± 486 stars for a stream that
is five times more massive than Pal 5, and 12824± 966
stars for a stream that is ten times more massive than
Pal 5 (Figure 1, bottom right panel). We explore the
observability of resolved stars in GC streams in M31
with the PAndAS survey and with WFIRST in Section
3.1. Note that the tip of the RGB in the Z087-band for
a Pal 5-like stream is at an absolute magnitude of −4.3.
Thus, at distances ≥38 Mpc (dmod ≥ 32.9), even the
brightest giants will not be resolved in the Z087-band
for a 1 hour exposure with WFIRST, as the limiting
magnitude is Z087 < 28.54 (see Figure 1, lower left).
2.3. Length & width of streams
In this Section, we describe how we populate mock-
streams with the given number of stars found in the
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Table 1. Properties of mock-streams in an M31-like haloa
RGC = 15 kpc RGC = 35 kpc RGC = 55 kpc
Pal 5-like mass
n∗ (1000 sec., Z087 < 27.15) 259 ±17
n∗ (1 hour, Z087 < 28.54) 1299 ± 93
l [kpc] 7.81 10.4 12.0
w [kpc] 0.053 0.094 0.127
Area [kpc2] 0.414 0.973 1.53
µ [mag arcsec−2] (R062-band) 32.7 ± 0.12 33.7 ± 0.12 34.1 ± 0.12
µ [mag arcsec−2] (Z087-band) 32.0 ± 0.16 33.0 ± 0.16 33.4 ± 0.16
µ [mag arcsec−2] (F184-band) 30.8 ± 0.23 31.8 ± 0.23 32.3 ± 0.23
5 × Pal 5-like mass
n∗ (1000 sec., Z087 < 27.15) 1233 ±86
n∗ (1 hour, Z087 < 28.54) 6448 ± 486
l [kpc] 13.3 17.7 20.6
w [kpc] 0.091 0.16 0.217
Area [kpc2] 1.2 2.8 4.5
µ [mag arcsec−2] (R062-band) 32.2 ± 0.06 33.1 ± 0.06 33.6 ± 0.06
µ [mag arcsec−2] (Z087-band) 31.4 ± 0.08 32.4 ± 0.08 32.9 ± 0.08
µ [mag arcsec−2] (F184-band) 30.2 ± 0.11 31.2 ± 0.11 31.7 ± 0.11
10 × Pal 5-like mass
n∗ (1000 sec., Z087 < 27.15) 2440 ±165
n∗ (1 hour, Z087 < 28.54) 12824 ± 966
l [kpc] 16.8 22.3 25.9
w [kpc] 0.115 0.202 0.273
Area [kpc2] 1.93 4.51 7.08
µ [mag arcsec−2] (R062-band) 31.9 ± 0.04 32.8 ± 0.04 33.3 ± 0.04
µ [mag arcsec−2] (Z087-band) 31.2 ± 0.05 32.1 ± 0.05 32.6 ± 0.05
µ [mag arcsec−2] (F184-band) 30.0 ± 0.07 30.9 ± 0.07 31.4 ± 0.07
an∗ denotes the number of stars, l: the length, w: the width, Area: the area, µ: the surface brightness of each mock-stream.
previous section. In particular, we compute the widths
and lengths of mock GC streams, taking Pal 5 as our
starting point.
To place a Pal 5-like stream in the M31 halo, we scale
mock-streams from the initial length and width of the
Pal 5 stream in our Galaxy: length = 8.5 kpc, width
= 58 pc (Ibata et al. 2016). For simplicity, we assume
a circular orbit with a distance from the center of the
Galaxy of RGC = 15 kpc, which is similar to the aver-
age of Pal 5’s apocentric and pericentric distance for its
rather elliptical orbit (see e.g. Erkal et al. 2017).
We follow Johnston (1998) and Johnston et al.
(2001), to compute the width and lengths of the streams
at three different galactocentric radii: RGC = 15 , 35, 55
kpc in M31’s halo. We compute lengths and widths for
all the streams with our different stream masses: 1) a Pal
5-like stream mass 2) a five times more massive Pal 5-like
stream 3) a ten times more massive Pal 5-like stream.
Note that we do not assume a mass for the cluster, but
scale stream properties based on the observed proper-
ties of the Pal 5 stream in the Milky Way today (i.e. the
length and width presented in Ibata et al. (2016) and
the number of stream stars presented in Bonaca et al.,
in prep., excluding the stars in the cluster itself).
Following Johnston et al. (2001) equation 8, we can
express the width, w, of the streams as:
w = RGC
[
m
M(RGC)
]1/3
= RGC
[
mG
v2cRGC
]1/3
(1)
where RGC is the radius of the orbit of the globular
cluster around its host (which is normally expressed as
Rp, but since we have a circular orbit, this remains con-
stant over the entire orbit), m is the mass of the cluster,
M(RGC) is the enclosed mass of the host within the
stream’s orbit, vc is the circular velocity at radius RGC ,
and G is the gravitational constant. We assume a flat ro-
tation curve and therefore constant vc, which is a valid
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assumption at RGC > 15 kpc in M31 (e.g. Chemin et al.
2009). Thus the width of a GC stream scales as:
w ∝ R2/3GC
m1/3
v
2/3
c
(2)
We scale the width of Pal 5 based on each parame-
ter in Equation 2 separately. First, we update the width
of the stream reflecting the fact that the circular ve-
locity in M31 is vc,M31 = 250 km s
−1 at RGC = 15 kpc
(Chemin et al. 2009) as opposed to vc,MW = 217 km s
−1
for the Milky Way (Eilers et al. 2019). Hence, we cor-
rect the width to be narrower by a factor of vcorr =(
vc,M31
vc,MW
)−2/3
= 0.91.
Subsequently, we update the width of the stream
based on the location in M31’s halo. Thus, as the stream
is placed at larger radii, we enlarge the width by a
factor of Rcorr =
(
RGC
RGC,Pal5
)2/3
. Lastly, we scale the
mass up by a factor of five and ten and therefore make
the stream a factor of mcorr =
(
5m
m
)1/3
= 1.71 and
mcorr =
(
10m
m
)1/3
= 2.15 wider for the more massive
streams. Recall that we do not assume anything about
the Pal 5 cluster’s initial or present day mass.
In this work, we do not include the fact that the
stream should be wider towards its endpoints. Instead,
we sample the stream stars from a normal distribution,
with a dispersion (width) calculated using Equation 2
and listed in Table 1 (see also Ibata et al. 2016, fig. 12).
Following Johnston et al. (2001) equation 5, we can
express the angular length, Ψ, of the stream as:
Ψ = 4
[
m
M(RGC)
]1/3
2pit
Tψ
∝
[
m
M(RGC)
]1/3
t
Tψ
(3)
where t is the dynamical age of the stream, and Tψ is the
azimuthal period of the cluster around its host galaxy.
We can re-write the angular length as:
Ψ ∝
[
m
v2cRGC
]1/3
vct
RGC
=
m1/3
R
4/3
GC
v1/3c t (4)
The physical length of the stream can thus be expressed
as:
L ∝ RGCm
1/3
R
4/3
GC
v1/3c t =
m1/3
R
1/3
GC
v1/3c t (5)
We scale the length of Pal 5 based on each parameter
in Equation 5 separately. Note that we assume the same
age of the stream in all cases (t = constant). We first
make the stream longer by a factor of (
vc,M31
vc,MW
)1/3 = 1.05.
Subsequently, we update the length of the stream based
on the location in M31’s halo. Thus, as the stream is
placed at larger radii, we shorten the length by a factor
of Rcorr =
(
RGC
RGC,Pal5
)−1/3
, reflecting the fact that these
streams will have completed less orbits around their
hosts. Additionally, we scale the length of the stream
by a factor of mcorr =
(
5m
m
)1/3
and mcorr =
(
10m
m
)1/3
for the more massive streams.
To summarize, we now have the framework to con-
struct mock stellar streams of various lengths and widths
scaled from Pal 5’s initial stream properties. We popu-
late nine different mock-streams of various widths and
lengths on great circles with radii of RGC = 15, 35,
55 kpc, and with the number of stars obtained in Sec-
tion 2.2 (see Table 1). Note that there are several ways
we could have constructed mock-streams, and that the
mock-streams presented in this work are meant to illus-
trate a range of possible streams. In reality, the stellar
streams could have a slightly different range of orbital
properties, lengths, widths and number of resolved stars
depending on the initial cluster’s location, mass, age and
metallicity.
3. RESULTS
In this Section, we present results on the detectability
of GC stellar streams for resolved stars in M31 (Section
3.1), for resolved stars in other external galaxies (Section
3.2), and for integrated light (Section 3.3).
3.1. Cold streams in M31: resolved stars
We first explore whether GC streams should stand
out against the background stellar halo of M31 given
the PAndAS limiting magnitudes (Section 3.1.1), and we
test the same scenario given WFIRST’s limiting magni-
tudes and bands (Section 3.1.2).
3.1.1. PAndAS
The PAndAS survey (e.g. McConnachie et al. 2018)
has mapped a total area of 400 square degrees sur-
rounding M31 using the 1-square-degree field-of-view
MegaPrime/MegaCam camera on the 3.6m Canada-
France-Hawaii Telescope. It surveyed in g, i-bands to
depths of g = 26.5, i = 25.5, resolving individual stars
with a signal-to-noise ratio of 10. The PAndAS team de-
rive photometric metallicities for all stars by assuming
that the width of the red giant branch (RGB) can be
interpreted as the spread in metallicity within a galaxy
(see e.g. Crnojevic´ et al. 2014).
The columns in Figure 2 show 10 × 10 kpc regions
from the PAndAS survey of M31’s halo at various galac-
tocentric radii (RGC = 15 kpc, RGC = 35 kpc and RGC
= 55 kpc). All plotted stars have g0 < 25.5, and the
two rows show the same areas without a metallicity cut:
[Fe/H] = all (top row) and after we have applied a metal-
licity cut of [Fe/H] = < −1 (bottom row). Recall that
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Figure 2. In this plot we demonstrate the observability of a Pal 5-like stream, a 5 × more massive Pal 5-like stream, and a 10
× more massive Pal 5-like stream for the PAndAS survey of the M31 halo. Each column shows the PAndAS data at different
M31 galactocentric radii (left: RGC = 15 kpc, middle: RGC = 35 kpc, right: RGC = 55 kpc). The fields are shown in kpc and
are converted from an angular scale assuming a dustance of 785 kpc to M31. The black bar in the top middle panel shows the
scale of 10 arcmin for reference. In the first row we show all stars observed in the PAndAS fields, and in the second row we
show all stars observed in PAndAS with [Fe/H] < −1. In each panel, we have injected three streams: a Pal 5-like stream, a Pal
5-like stream with 5 × the mass of Pal 5, and a Pal 5-like stream with 10 × the mass of Pal 5. Recall that the Pal 5-like stream
has [Fe/H] = −1.3, and should therefore be visible in both rows. We determine the number of stars in the three mock-streams
by summing up the cumulative number of stars in the streams at the limiting magnitude of the PAndAS survey (g0 < 25.5)
at the distance of M31 (see Figure 1, right panel). There are 623 stars in the ten times more massive stream, 292 stars in the
five times more massive stream and only 68 stars in Pal 5-like stream. At each RGC , we have updated the width and lengths
of the mock-streams based on the tidal field they experience at these distances and based on their masses (see Section 2.3). We
note that hints of the Pal 5-like stream is visible in the lower panels, and that the 5 and 10 × more massive stream becomes
apparent in the halo when we apply a metallicity cut (see middle and right panels in the second row).
the Pal 5 cluster metallicity is [Fe/H] = −1.3, and that
all Pal 5 stars will therefore be visible for these metal-
licity cuts. Note also that PAndAS has and WFIRST
will have photometrically determined metallicities, so a
metallicity cut is in principle equivalent to a color and
magnitude cut.
In each panel, we have injected a Pal 5 mock stel-
lar stream and two mock stellar streams with properties
scaled to have 5 and 10 times the mass of Pal 5. We have
populated the streams with stars using the PAndAS lim-
iting magnitude calculated in Section 2.2 (68, 292 and
623 stars). The streams’ lengths and widths have been
calculated based on the streams’ distances from M31’s
galactic center and the streams’ masses (see Section 2.3).
In Figure 2, we see hints of the Pal 5-like stream and
the 5 times more massive stream in the lower panels
of Figure 2 after we have applied metallicity cuts. The
10 times more massive stream is visible by eye in each
panel, but hard to see at large galactocentric radii with-
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out metallicity cuts as the stream is wider (see upper
right panel)1.
The PAndAS team has not yet reported a detection
of massive GC streams, thus M31might not host GC
streams that are much more massive than Pal 5’s stream.
It should be feasible, however, to find a 5 and 10 times
more massive Pal 5-like stream in the PAndAS data,
should such a stream exist in M31. Using more sophis-
ticated searching methods and cuts, a Pal5-like stellar
stream may also be detectable (see the discussion in Sec-
tion 4.2).
3.1.2. WFIRST
NASA’s Wide Field InfraRed Survey Telescope
(WFIRST) is planned to launch in mid-2020s. The space
telescope has a 2.4 meter primary mirror and its wide
field instrument will have a field of view that is a hun-
dred times greater than the Hubble infrared instrument
and has a pixel size of 0.11′′. Thus, WFIRST is par-
ticularly useful for studying resolved stellar populations
over large areas.
To test whether a Pal 5-like stream will be de-
tectable with WFIRST, we first simulate M31’s halo for
WFIRST bands and limiting magnitudes. We do this by
populating the 10 × 10 kpc PAndAS panels from Figure
2 (RGC = 15, 35, 55 kpc) with additional stars to mimic
the densities and magnitudes WFIRST will observe. To
do this, we first download a grid of isochrones, 16 in to-
tal, from the PARSEC system with a metallicity range of
[Fe/H] = −2.5 - 0.5 in increments of [Fe/H] = 1 dex, and
an age range of age = 8.5 - 11.5 Gyr in increments of 1
Gyr. Subsequently, we fit all stars in the color-magnitude
diagrams of the three 10 × 10 kpc PAndAS M31 pan-
els to these isochrones at the distance of M31, and at a
range of distances representative of the Milky Way disk
and halo from ∼500 pc to ∼100 kpc to fit foreground
stars. Using the number of stars fitted to each isochrone
and the luminosity functions of the 16 isochrones, we
then estimate for each individual isochrone the number
of stars needed to match the stellar population visible
for a 1 hour exposure with WFIRST (Z087 < 28.54).
Our mock 10 × 10 kpc WFIRST M31 halo fields are
then populated with these stars with random positions
within the field, ages and metallicities corresponding
to their respective isochrone, and magnitudes sampled
from the part of the luminosity function of the isochrone
that is observable within WFIRST limits.
1 Note that we have located the mock-streams at the same posi-
tions in both Figure 2 and 3, in case the reader is curious to know
where the Pal 5-like streams are located in Figure 2.
Additionally, we convert the deep optical fields from
the Brown et al. (2009) M31 HST halo fields (F606W <
32) to WFIRST bands and apply the limiting magnitude
of the WFIRST. We then use the stellar density in the
three Brown et al. (2009) halo fields, which are located
at RGC = 11, 21, 35 kpc to estimate the stellar density
that WFIRST will observe at the location of the 10 ×
10 kpc panels (RGC = 15, 35, 55 kpc), using a power-
law fit to the M31 stellar density profile. We use these
stellar densities to check the stellar densities for our new
M31 halo fields for WFIRST limits. From the power-
law fit to the Brown fields stellar densities, the stellar
densities that WFIRST will observe in the M31 halo, are
ρ∗ ∼ 7×105,∼7×104,∼2×104 stars degrees−2 atRGC =
15, 35, 55 kpc, respectively. The stellar densities that we
reach at the same radii by fitting isochrones and adding
fake stars are 1.2 × 105, 5.1 × 104, and 4.5 × 104 stars
degrees−2 at RGC = 15, 35, 55 kpc, respectively. Thus,
the fact that the stellar densities in the Brown et al.
(2009) fields are similar to the stellar densities in our
simulated fields, after applying WFIRST’s magnitude
cuts, is encouraging.
Figure 3 shows the same panels as Figure 2, however
the background fields now represent WFIRST limiting
magnitudes and stellar densities. We inject the same
mock stellar streams as in Figure 2, but now we pop-
ulate the streams with a larger amount of stars reflect-
ing the limiting magnitudes and bands of WFIRST (see
bottom row of Figure 1). In particular, we populate the
Pal 5-like stream with 1299 stars, the five times more
massive stream with 6448 stars, and the ten times more
massive stream with 12824 stars.
All mock-streams are visible in all panels of Figure
3. This provides exciting prospects for the detection of
thin, stellar streams in M31’s halo and could vastly ex-
pand our sample of known GC streams (see Section 4.1)
for which we can investigate the morphology and search
for gaps in streams. We note that the results of Figure 3
are based on the evolutionary tracks of an old globular
cluster (Pal 5-like) and are based on a 1 hour exposure
time for WFIRST. We refer the reader to Appendix A for
details on how a 1000 sec. exposure, which is the guest
observer capability of WFIRST (Spergel et al. 2013),
would affect our results.
A younger cluster than Pal 5, would add many more
observable stars to the streams given WFIRST’s lim-
iting magnitudes, as more stars would have brighter
magnitudes. As an example, we download an isochrone
from the PARSEC evolutionary tracks (Bressan et al.
2012) for a cluster with age = 500 Myr and [Fe/H] =
0. We repeat the exercise carried out to produce Figure
1. For this isochrone the number of resolved stars with
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Figure 3. Like Figure 2, but we now determine the number of stars in each mock-stream by summing up the cumulative
number of stars in the streams at the limiting magnitude of WFIRST (Z087 < 28.54) at the distance of M31. Given the large
number of stars in the background fields and streams, stars are overlapping in these panels, and we use a point size 100 times
smaller than in Figure 2 to avoid crowding of the background. WFIRST will resolve each individual stream star (see Section
3.2.3), and the point sizes in this Figure are larger than the WFIRST pixel sizes of 0.11′′ × 0.11′′. Thus, visualizing the stream
stars as overlapping points, as the case in this Figure, will be feasible with WFIRST data. The black bar in the top middle
panel shows the scale of 10 arcmin for reference. At each RGC , we have updated the width and lengths of the streams based on
the tidal field they experience at these distances (see Section 2.3). Additionally, we have updated the number of stars in each
field such to illustrate what WFIRST will observe in M31 given WFIRST’s deeper limiting magnitude (see details in Section
3.1.2). In particular, the ten times more massive stream is populated with 12824 stars, the five times more massive stream has
6448 stars, and the Pal 5-like stream has 1299 stars (see Figure 1, bottom, right panel). All stream stars have [Fe/H] = −1.3,
and are therefore plotted in each panel. We note that all mass mock-streams are observable in each panel.
WFIRST at M31’s distance would be ∼7797 for a Pal
5-like stream and ∼38754 for a 5 times more massive
stream and ∼77322 for a 10 times more massive stream.
Thus, roughly a factor of 6 more stars. Note, however,
that it would be very difficult to form a stream with a
significant length 500 Myr after the birth of the cluster.
3.2. Cold globular cluster streams in external galaxies:
resolved stars
In addition to exploring WFIRST’s capabilities for
observing GC streams in M31, we wish to determine
WFIRST’s ability to observe GC streams in more dis-
tant, external galaxies. First, we investigate the impact
of including contaminating galaxies for our ability to de-
tect streams (Section 3.2.1). Subsequently, we compute
the threshold number of stars needed to detect streams
in galaxies at various distances (Section 3.2.2). To test
the validity of our results, we also investigate the impact
of crowding in the WFIRST pixels (Section 3.2.3).
3.2.1. Contaminating galaxies
Our ability to detect faint GC streams with resolved
stars will be significantly affected by the quality of our
star/galaxy separation. To assess how contaminating
background galaxies will affect our ability to detect thin
streams, we use the Space Telescope Image Product
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Simulator (STIPS2) to simulate one WFIRST detector
which is 7.5′×7.5′ in size centered on the RGC = 35 kpc
M31 field shown in the top, middle panel of Figure 3,
without an injected mock-stream. While the limited field
size available in STIPS is small compared to the stream
and is not yet sufficient for full stream simulations, it
is sufficient for testing completeness and contamination
rates. The simulations include an input foreground star-
background galaxy catalog with a brightness distribu-
tion and a Sersic profile distribution generated from the
CANDELS (Koekemoer et al. 2011) deep survey. We
then perform point spread function (PSF) fitting pho-
tometry on these images with the DOLPHOT software
package, including the newly-developed WFIRST mod-
ule (Dolphin 2000; Dolphin 2016).
Current techniques for culling non-point sources from
resolved stellar photometry typically use cuts on quality
metrics such as signal-to-noise, sharpness, and crowding
(e.g. for the Panchromatic Hubble Andromeda Treasury;
Williams et al. 2014). Thus, to get a reasonable upper-
limit estimate of the contamination we may expect from
background galaxies using very simple quality metrics,
we use a signal-to-noise cut > 4, a sharpness2 require-
ment < 0.1, and a crowding limit < 0.2 in the Z087
WFIRST band. We do this for both a 1 hour and 1000
second exposure time for WFIRST.
The resulting stellar catalogs include the stars in the
given M31 field, but also all of the objects remaining af-
ter our efforts of removing contaminants using the qual-
ity cuts listed above. In the coming years, we will be
working to improve this culling by including color in-
formation and applying sophisticated machine learning
techniques. Such development will only improve the re-
liability of the star catalogs, reducing the leftover con-
taminants in this field. Below, we explore the effects of
using both perfect star/galaxy separation and “worst
case scenario” contamination from background galax-
ies (with simple catalog culling described above) when
searching for GC streams in external galaxies in order
to bracket the potential sensitivity of WFIRST to GC
streams.
3.2.2. Distance limitations for observing GC streams with
WFIRST
Only hints of the Pal 5-like stream were present in the
PAndAS data (Figure 2). Motivated by this, we compute
the signal-to-noise (i.e. the contribution of the stream
signal to M31’s background) at different galactocentric
radii (RGC = 15, 35, 55 kpc), with two different metal-
2 https://github.com/spacetelescope/STScI-STIPS
licity cuts ([Fe/H] = all and < −1). In particular, we
compute the counting error, Cerr:
Cerr =
Nstream√
Nbackground
(6)
where Nstream is the number of stars in the mock-
streams, and Nbackground is the averaged number of stars
in the M31 background, covering the same area as the
specific mock-stream (see Table 1).
In Figure 2, the Pal 5-like stream has Cerr > 15 in the
three lower panels (in the lower right panel Cerr ∼ 15),
but has Cerr < 15 in the top row. The 5 times more
massive stream has a Cerr > 10 in the first row of Figure
2, while Cerr > 15 for all panels in the bottom row. For
the 10 times more massive stream, Cerr > 15 in all six
panels. For reference, in Figure 3, all Pal 5-like mock-
streams have Cerr > 40, all 5 times more massive streams
have Cerr > 100, and all 10 times more massive streams
have Cerr > 170.
Motivated by the fact that some streams become hard
to see if Cerr < 15, we use Cerr = 15 as our threshold
for determining when a stream is “easily observable”
with WFIRST. We note that the choice of Cerr = 15 is
somewhat arbitrary and that observers estimating which
streams they will be able to detect, can use a more or less
conservative signal-to-noise threshold than Cerr = 15.
Our goal is to estimate the distance to which
WFIRST will be able to detect GC streams with Cerr >
15. As we go to fainter magnitudes in WFIRST, contam-
ination by galaxies will be an issue which is why spatial
resolution is essential. We assess both the prospects for
detecting streams in external galaxies assuming a per-
fect star/galaxy separation, and including the effects of
contaminating background galaxies.
First, we explore the distance to which we will be
able to detect GC streams with Cerr > 15 for a 1 hour
exposure (Z087 < 28.54) with WFIRST. We first use
the normalized luminosity function shown in the bot-
tom panel of Figure 1, to obtain the number of resolved
stars WFIRST will observe in GC streams at various dis-
tances. After moving the stars in the luminosity function
to farther distances, in Figure 4 (left panel) we show the
number of resolved stars in a Pal 5-like stream (blue solid
line), a 5 times more massive stream (blue dotted line)
and a 10 times more massive stream (blue dashed line)
as a function of distance to external galaxies. The verti-
cal lines show the distances to four well-known galaxies
in which it could be interesting to search for GC stel-
lar streams. The right panel of Figure 4 shows the same
calculation for a 1000 sec. exposure time with WIFRST,
which reaches a limiting magnitude of Z087 < 27.15. See
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Figure 4. Left: The number of resolved WFIRST Z087-band stars in a Pal 5-like stream (solid blue line), a five times more
massive Pal 5-like stream (dotted blue line) and a ten times more massive Pal 5-like stream (dashed blue line) as a function of
distance with a 1 hour WFIRST exposure time (Z087 < 28.54). We calculate the number of resolved stars in each mock-stream
at each distance from the cumulative luminosity function in the WFIRST Z087-band (see right, bottom panel of Figure 1). The
vertical lines show the distances to four well-known galaxies within 10 Mpc of the Milky Way. The red lines shows the threshold
number of stars needed in each of the three mass mock-streams, for the streams to have a signal-to-noise of Cerr = 15, assuming
perfect star/galaxy separation (no contamination). To compute the red lines for each mass mock-stream, we have placed each
stream at a galactocentric radius of 35 kpc (to fix their areas), and we have used no metallicity for the calculations of Cerr.
We mark the distances at which the red lines cross the blue lines for each respective mass mock-stream with a red star. The
5 and 10 times Pal 5-like mock-streams have Cerr > 15 out to distances ∼6.2 and ∼7.8 Mpc respectively, and the Pal 5-like
mock-stream has Cerr > 15 out to ∼1.8 Mpc. The gray lines show the same calculation as for the red lines, but now using
backgrounds including contaminating galaxies (see Section 3.2.1). We mark the distances at which the gray lines cross the blue
lines for each respective mass mock-stream with a black circle. In particular, a Pal 5- like stream will be observable out to ∼1.1
Mpc, and 5 and 10 times more massive streams will be observable out to ∼1.7 and 3.5 Mpc, respectively. Note that beyond 38
Mpc no stars will be resolved in the Z087-band for a 1 hour exposure with WFIRST in a Pal 5-like stream. Right: Same as left
panel, but now using a 1000 sec. exposure time (Z087 < 27.15). Assuming prefect star/galaxy separation (red lines), the 5 and
10 × Pal 5-like mock-streams have Cerr > 15 out to distances ∼ 2.8 and 3.0 Mpc respectively, and the Pal 5-like mock-stream at
RGC = 35 kpc has Cerr = 15 at the distance of M31 (see also Appendix A). If we include the effect of contaminating background
galaxies, the Pal 5-like stream will not be easily detectable using a 1000 sec. WFIRST exposure at any distance as the gray
solid line is above blue solid line at all distances. A simple extrapolation of the solid gray line, however, indicates that Pal
5-like streams could be detectable out to ∼400 kpc with a 1000 sec. exposure. The 5 and 10 times more massive streams will be
observable out to ∼0.8 and 2.0 Mpc, respectively (see black circles). Note that beyond 20 Mpc, no stars will be resolved in the
Z087-band in a Pal 5-like stream with the guest observer capabilities of WFIRST as even the RGB stars will have magnitudes
fainter than Z087 = 27.15. The distance limit for detecting streams in external galaxies is likely somewhere in between the
perfect star/galaxy separation scenario (red lines) and the conservative star/galaxy separation scenario (gray lines).
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Appendix A for details on the number of resolved stream
stars in a 1000 sec. WFIRST exposure.
We evaluate the minimum number of stars needed in
the Pal 5-like, 5 × Pal 5-like and 10 × Pal 5-like stream
to obtain Cerr > 15 at each distance for a 1 hour expo-
sure (Figure 4, left) and a 1000 sec. exposure (Figure 4,
right). In particular, we calculate the average number of
stars in the background covering the same area as the
stream at each distance. To assess the stellar density in
the background, we first use the simulated M31 fields
described in Section 3.1.2, and we keep track of which
stars have magnitudes above the limiting magnitude of
WFIRST for a 1 hour and 1000 sec. exposure at each
distance. Note that both the number of stars in the back-
ground and the number of stars in the streams decline
with distance. For simplicity, we evaluate Cerr using all
metallicities, and we assume that the mock-streams are
located at RGC = 35 kpc to fix the areas of the mock-
streams with three different masses. This analysis gives
us an estimate of the threshold number of stars needed
to detect the streams at each distance assuming perfect
separation (i.e. no contaminating background galaxies:
see red lines).
The solid red line shows the number of stars needed
in a Pal 5-like stream, in order for Cerr = 15, and the
dotted and dashed lines show the same Cerr = 15 thresh-
olds for the 5 × Pal 5-like and 10 × Pal 5-like streams,
respectively. If the red lines are above the blue line of
the respective mock-stream, Cerr < 15 and the stream
is not easily observed; if the red line is below the respec-
tive stream, Cerr > 15, and the stream is easily observed
at that distance. The shape of the red lines differ from
the shape of the blue lines, as the M31 background (red
lines) has multiple populations of stars with various ages
and metallicities (see Section 3.1.2), where the blue lines
only represent the stellar population of a Pal 5-like clus-
ter.
From Figure 4, for the 1 hour WFIRST exposure time
(left panel), assuming perfect star/galaxy separation, we
conclude that Pal-5 like streams should stand out clearly
against the stellar halo background stars if the stream
is located in a galaxy < 1.8 Mpc from the Milky Way
(see red star where the solid blue and red lines cross).
The 5 and 10 times more massive Pal 5-like streams, will
have Cerr > 15 if they are residing in galaxies < 6.2 and
<7.8 Mpc from the Milky Way (see red stars where the
dashed and dotted blue and red lines cross).
Similarly, for the 1000 sec. WFIRST exposure time
(Figure 4, right), we find that the Pal-5 like mock-stream
located at RGC = 35 kpc will have Cerr = 15 at the dis-
tance of M31 and should therefore not stand out clearly
against the stellar halo of a respective host galaxy much
further away than M31 (see also Appendix A). The 5 and
10 × more massive Pal 5-like streams, will have Cerr >
15 if they are residing in galaxies < 2.8 and <3.0 Mpc
from the Milky Way, respectively (see red stars where
the dashed and dotted blue and red lines cross) and
should be easily detectable as over densities out to those
distances.
Using the simulated WFIRST M31 field includ-
ing contaminating galaxies, we re-calculate the average
number density of contaminating objects (stars and now
also galaxies: see Section 3.2.1) in the background at
several distances, covering the same areas as the mock-
streams located at RGC = 35 kpc. In particular, we
re-compute the red lines in Figure 4 using the new back-
ground field, and we keep track of which objects have
magnitudes above the limiting WFIRST magnitude for
a 1 hour (left) and 1000 sec. (right) exposure at various
distances (see gray lines in Figure 4).
As there are now more objects in the background, we
need a higher number of mock-stream stars, in order for
the thin streams to stand out against the background (i.e
for Cerr = 15, see Equation 6). In particular, we found
that for a 1 hour exposure using the backgrounds which
include contaminating galaxies, the distance limit to ob-
serve thin streams in external galaxies will be smaller
(see black circles where gray lines intersect blue lines in
Figure 4, left). For a Pal 5-like stream with a 1 hour
WFIRST exposure, the stream should stand out clearly
against the stellar halo background (i.e. Cerr > 15) if the
stream is located in a galaxy < 1.1 Mpc from the MW.
The 5 and 10 times more massive Pal 5-like streams, will
have Cerr > 15 if they are residing in galaxies < 1.7 and
< 3.5 Mpc from the Milky Way, respectively.
Similarly, for the 1000 sec. exposure including con-
taminating galaxies (see gray lines in Figure 4, right)
the distance limit to which we can observe thin streams
decreases. In fact, the Pal 5-like stream will not be ob-
servable beyond M31 as the gray solid line is above the
blue solid line at all distances. An extrapolation of the
solid gray line to smaller distances than M31, however,
indicates that Pal 5-like streams could be detectable out
to ∼400 kpc with a 1000 sec. exposure. Using a 1000
sec. exposure with WFIRST, the 5 and 10 times more
massive streams will be observable out to galaxies <0.8
and <2.0 Mpc from the Milky Way, respectively. Thus,
if the goal of a future WFIRST survey is to find GC
streams in external galaxies, it might be better to tar-
get four times fewer galaxies and observe them for four
times as long, as the GC streams will then stand out
more clearly against the background stellar halos. Al-
though even within a volume of 400 kpc surrounding the
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Milky Way, there are >47 dwarf galaxies (Karachentsev
& Kaisina 2019, see more details in Section 4.1).
As we might be able to separate stars and galaxies
better with machine learning techniques, the gray lines
in Figure 4 are meant to represent a “worst case” sce-
nario. The true distance limit to which WFIRST will be
able to observe thin, globular cluster streams is likely
somewhere in between the black circles and red stars
shown in Figure 4. To summarize, for a 1 hour WFIRST
exposure, depending on the contaminating background,
Pal 5-like streams should be observable out to between
1.1 - 1.8 Mpc, 5 times more massive streams should be
observable out to between 1.7 - 6.2 Mpc and 10 times
more massive streams should be observable out to be-
tween 3.5 - 7.8 Mpc. It is possible that even more massive
globular cluster streams exist in these galaxies, and our
estimates are therefore conservative.
Note that the contaminating background sources will
also depend on the exact location and distance to the
external galaxy. Furthermore, our background estimates
are based on M31’s stellar halo at RGC = 35 kpc, and
the halos of other galaxies, and in particular stellar den-
sities, can be different (most notably for low mass galax-
ies). Estimating the backgrounds of galaxies closer to us
than M31, would require adding more stars to M31’s
halo, because there would be more stars brighter than
the limiting magnitude. As the galaxies closer to us than
M31 are low mass galaxies, and therefore have stellar ha-
los which differ substantially from M31’s halo, we do not
estimate the background densities of these.
3.2.3. Crowding
The results presented in Figure 4 are only valid if all
stars will be resolved with WFIRST at each distance for
the given number densities of the stellar streams. To test
this for all mock-streams, which span various areas, we
calculate the number density of stars. In particular, we
calculate the number of stars that can be resolved with
WFIRST at a given distance and divide this by the area
of each stream in arcsec2 at this given distance. As the
stream is moved to a greater distance, the number of re-
solved stars decrease due to WFIRST’s limiting magni-
tude (see Figure 4), and the area of the streams decrease.
Additionally, the area of the nine different streams vary
due to the change in length and width of the streams
depending on their location in their host galaxies and
their masses (see Table 1).
Using the number density above, we can test whether
there will be crowding in WFIRST’s pixels (i.e. more
than 1 star per pixel), by comparing the number density
to the pixel size of WFIRST, which is 0.11′′ × 0.11′′. To
do this, we multiply the number of stars per arcsec2 in
each stream at each distance by the area of a WFIRST
pixel in arcsec2. The mock-stream for which crowding
would have the largest effect, is for the most massive 10
× Pal 5-like stream at small galactocentric radii (RGC
= 15 kpc), where its area covers the smallest region.
We find that even for this most extreme case, crow-
ing is not an issue. In particular, the number of stream
stars per WFIRST pixel increases with distances up to
∼5 Mpc by ∼1.5 dex, and then plateaus at less than
0.01 stream stars per WFIRST pixel. For comparison,
for the Pal 5-like stream at the largest galactocentric
radius (RGC = 55 kpc), the number of stream stars
per WFIRST pixel never exceeds 10−4. Thus, crowding
is not a concern for detecting thin cold, streams with
WFIRST.
3.3. Cold streams in external galaxies: Integrated light
We can also search for thin stellar streams using inte-
grated light. Current telescopes such as HSC (Miyazaki
et al. 2012) and future surveys as WFIRST’s imaging
program (Spergel et al. 2013), LSST (Ivezic´ et al. 2008)
and Euclid (Racca et al. 2016) are ideal for integrated
light searches for thin, stellar streams.
To address whether we should find streams in exter-
nal galaxies in integrated light, we compute the surface
brightness of the Pal 5-like, 5 and 10 times more mas-
sive streams at three different galactocentric radii (RGC
= 15 kpc, RGC = 35 kpc and RGC = 55 kpc, see Ta-
ble 1). As there is scatter in the IMF sampler from the
luminosity function, we repeat the sampling from the
luminosity function 100 times, to estimate the standard
deviation and the mean surface brightness value. See all
values in Table 1.
While the surface brightness of a stream is inde-
pendent of the distance to its host galaxy, the sur-
face brightnesses will change depending on the telescope
bands, however. We calculate the surface brightnesses
of the mock-streams in WFIRST, LSST, Euclid and
HSC bands by downloading isochrones from the PAR-
SEC evolutionary tracks (Bressan et al. 2012) assuming
Pal-5 like properties ([Fe/H] = −1.3, Age = 11.5 Gyr).
The mock-streams are brightest if they were located at
small galactocentric radii (the stream areas are smaller)
and if they are massive (the stream surface densities are
higher). The mock-streams are brightest in the F-band
for WFIRST, y -band for LSST, z-band for HSC and
H-band for Euclid.
From the brightest (F184) to the faintest (R062)
WFIRST bands, the surface brightnesses are between
µ = 30.0-34.1 mag arcsec−2 for all mock-streams. The
fact that these surface brightnesses are so faint will make
the mock-streams extremely hard to detect in integrated
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Figure 5. The blue shaded region shows the angular width
in arcsec for the nine mock stellar streams (53 - 273 pc)
as a function of distance to external galaxies. The stream
widths are calculated at three different galactocentric radii in
a host galaxy with a mass-profile similar to M31. The stream
is thinnest at smaller RGC and for the lowest mass mock-
stream (see Section 2.3). The vertical lines show the distances
to four well-known galaxies which are labeled with their typ-
ical halo surface brightnesses in units of mag arcsec−2. The
horizontal lines show the angular resolution of four different
current (HSC) and future (LSST, WFIRST, Euclid) surveys.
The intersects between the blue shaded region and the hor-
izontal lines show the distance limits of where the stream
widths can be resolved with various telescopes. From left to
right, the first intersect between the blue shaded region and
the horizontal lines demonstrates the distance to which a Pal
5-like stream can be resolved, and the second intersect shows
the distance to which the width of a 10 times more massive
Pal 5-like stream can be resolved. Note, however, the low
surface brightnesses of the mock stellar streams (see figure
legend and Table 1).
light. The surface brightness for the LSST g to y-bands
are even fainter with µ = 31.8-36.1 mag arcsec−2. Sim-
ilarly, for HSC, µ = 31.9-35.1 mag arcsec−2 from the
B to z-bands. For Euclid, the streams will be slightly
brighter: µ = 29.3-31.7 mag arcsec−2, however the wide
field Euclid survey should not probe magnitudes this
faint (µlimit ∼ 28.7 mag arcsec−2), but the deep field
might (µlimit ∼ 29.7 mag arcsec−2). Thus, the streams
will be brightest in WFIRST and Euclid bands, but will
still be quite faint.
As the case for resolved streams, more sophisticated
techniques than “by eye” identification may substan-
tially help the detectability of stellar streams in exter-
nal galaxies in integrated light. Additionally, a younger,
more metal rich cluster than Pal 5 would have more
bright stars and should therefore have a higher surface
brightness. To test what surface brightness the mock-
streams would have if they originated from a young,
metal rich cluster, we compute the surface brightness for
mock-streams generated with an isochrone with [Fe/H]
= 0, Age = 500 Myr (see Section 3.1.2). We emphasize
that it would be very difficult to form a stream with a
significant length only 500 Myr after formation of the
cluster. Nevertheless, we use these isochrones to demon-
strate an extreme case.
For the isochrones with Age = 500 Myr and [Fe/H]
= 0, we found a range of µ = 26.8-30.7 mag arcsec−2 in
the WFIRST F184 to R062-bands for the three different
mass mock-streams at all galactocentric radii. While it
might be feasible to detect such a stream in integrated
light against the background of a given galaxy, we con-
clude that such a stream will be difficult to detect, as
the cluster needs to be very young and yet have formed
a stream.
Another component of observing thin stellar streams
in integrated light is their widths. The angular width
of streams decreases with distance to the external host
galaxy. To determine whether we would resolve GC stel-
lar streams with current and upcoming telescopes, given
the telescopes resolution limits, in Figure 5 we plot the
range of widths for our nine mock-streams (blue shaded
band) as a function of distance to the host galaxy. Recall
that smaller galactocentric radii and lower mass streams,
yield narrower streams.
The vertical lines in Figure 5 show the distances to
four nearby galaxies, which could be targeted for thin
stellar stream observations. We have labeled the verti-
cal lines by the typical surface brightness of the stellar
halos for these systems. In particular, the Large Magel-
lanic Cloud (LMC) has a surface brightness of µ ∼ 34
mag arcsec−2 beyond 20 kpc (Nidever et al. 2018), M31
has a typical surface brightness of µ ∼ 32 mag arcsec−2
beyond 40 kpc (Ibata et al. 2007, fig. 42), Cen A has µ ∼
32 mag arcsec−2 (Crnojevic´ et al. 2016), and M101 has
µ ∼ 32 mag arcsec−2 beyond 40 kpc (van Dokkum et al.
2014, fig. 2). See the range of the Pal 5-like mock-stream
widths and their surface brightnesses in the legend of
Figure 5 and in Table 1. The horizontal lines show the
resolution limitations of HSC, LSST (limited by seeing:
0.7′′) and WFIRST, Euclid (limited by the pixel scale:
0.11′′ for WFIRST: Spergel et al. 2013 and a pixel scale
of 0.1′′ for Euclid: Racca et al. 2016).
From Figure 5, we conclude that Pal 5-like streams
can be resolved by HSC and LSST to distances of ∼20
Mpc, and that 10 times more massive streams should be
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resolved out to ∼100 Mpc (see intersect of HCS/LSST
horizontal line with upper and lower limit of blue shaded
band). Similarly, WFIRST and Euclid will be able to re-
solve a Pal 5-like stream out to ∼100 Mpc, and a ten
times more massive stream out to ∼600 Mpc (see inter-
sect of WFIRST/Euclid horizontal line with upper and
lower limit of blue shaded band). At a distance of ∼ 600
Mpc, however, the length of a 10 times more massive
stream than Pal 5 would only be ∼6′′ (and the width is
∼0.11′′).
As noted above, we caution that unless the thin glob-
ular cluster streams in the external galaxies originate
from very young, metal rich clusters, the very low sur-
face brightness of Pal 5-like streams (µ = 30.0-34.1 mag
arcsec−2 for WFIRST) make them very difficult to de-
tect in integrated light in any nearby galaxy.
4. DISCUSSION
4.1. External galaxies near the Milky Way
Based on our findings in Section 3, a 1 hour WFIRST
exposure will be able to detect Pal 5-like streams in re-
solved stars in galaxies ∼1.1 - 1.8 Mpc away from the
Milky Way, depending on the exact galaxy contamina-
tion fraction. We encourage observers to look for these
thin streams in the future.
Karachentsev & Kaisina (2019) recently presented
the distribution of galaxies within 11 Mpc of the Milky
Way, 5 out of 6 of which are dwarf galaxies (see their
figure 4). Using the data presented in Karachentsev &
Kaisina (2019), we find that there are 109 - 119 galaxies
located between 1.1 and 1.8 Mpc from the Milky Way,
where 1.8 Mpc refers to the perfect star/galaxy sepa-
ration (see red solid line in Figure 4), and where 1.1
Mpc is the distance limit estimated when including con-
taminating galaxies as described in Section 3.2.1 (see
also gray solid line in Figure 4). If a Pal 5-like stream
is located in either of the 109 - 119 galaxies, WFIRST
should be able to detect it in resolved stars. All of these
galaxies, except for M31, are dwarfs, and the most lu-
minous dwarfs within this region are M32, M33 and the
LMC. The number of observable streams will depend
on the GC populations of dwarfs (see e.g. GCs in For-
nax: Shapley 1938, Hodge 1961a and the LMC: Hodge
1961b). The exact properties of the streams will further
depend on the strength of the dwarfs’ tidal fields.
Similarly, we estimated that the 5 times more mas-
sive Pal 5-like streams are easily detectable in exter-
nal galaxies within ∼1.7 - 6.2 Mpc of the Milky Way
(see Section 3.2). Within these distance limits, there
are 118 - 493 galaxies (Karachentsev & Kaisina 2019,
I. Karachentsev, private communication). Only 4% of
these have luminosities, L > 5 × 109 L. Similarly, for
the 10 times more massive streams, we estimated that
the distance limit to external galaxies was ∼3.5 - 7.8
Mpc (see dashed gray lines in Figure 4). There are be-
tween 199 - 667 galaxies within these limits, and, again,
only 4% of these are more luminous than L > 5 × 109
L.
We emphasize that the distance limits to external
galaxies presented in Figure 4 could be larger with
stricter color cuts (i.e. metallicity cuts), and as the GCs
could be younger and therefore brighter than Pal 5.
Moreover, our constraint that the mock-streams stand
out with respect to background stellar halos if Cerr > 15
could be too conservative. A smaller value than Cerr =
15 might enable us to include more massive galaxy hosts
to surveys searching for thin GC streams (see also the
discussion in Section 4.2).
4.2. Finding thin globular cluster streams
There are additional techniques we can apply which
can facilitate detections of thin streams to greater dis-
tances. Globular clusters have metallicity spreads from
[Fe/H]= −2.5 - 0 (Harris 1996). Depending on the prop-
erties of the stellar halo of interest, the cluster can stand
out more against the background stellar halo of their
host galaxy than illustrated in Figure 3 if the clus-
ters have lower metallicities than Pal 5. PAndAS and
WFIRST provide photometric metallicities and in Fig-
ure 2 and 3 we have therefore implicitly used the color
info to apply a “metallicity cut” (color-cut). However,
several colors are available for WFIRST and more cuts
in color-color diagrams could help detect fainter streams
(see e.g. Shipp et al. 2018).
In addition to color cuts, we might be able to detect
more streams in external galaxies by doing orbit searches
using algorithms such as “stream-finder” (e.g. Malhan
& Ibata 2018, Ibata et al. 2019a). This might enable
us to find thin stellar streams at larger distances than
suggested in Figure 4. However, the lack of kinematic
information could complicate these searches. Another
method to improve detectability is to use a matched fil-
ter technique by applying a smoothing criteria matching
the estimated width of the stream at a given distance to
the external galaxy of interest. Even without kinemat-
ics, we can use the fact that streams are continous and
search for them using machine vision algorithms such as
the “Rolling Hough Transform” (see Clark et al. 2014).
In Section 2.2, we noted that using a 1 hour expo-
sure, WFIRST will not be able to resolve stars in a Pal
5-like stream to greater distances than 38 Mpc, as the
limiting magnitude of WFIRST (Z087 = 28.54) would
be brighter than the brightest stars in Pal 5. The obser-
vations of the “Maybe Stream” presented in Abraham
16 Pearson et al.
et al. (2018) were carried out with one HST orbit, and
they reached a limiting magnitudes of AB ∼26.5 (Abra-
ham, private communication). The tip of the red giant
branch of Pal 5 would be below the detection limit at this
distance, as the isochrone shifts by ∼14.6 magnitudes if
the stream is at 20 Mpc instead of 23.5 kpc (i.e. dmod =
31.51 instead of dmod = 16.86, see isochrone in the bot-
tom left part of Figure 1). Therefore, our results indicate
that it is unlikely that the reported “Maybe Stream” at
20 Mpc (Abraham et al. 2018) hosts resolved stars from
the remnant of a Pal 5-like globular cluster. It is possible
that Abraham et al. (2018) are observing the stream in
integrated light (see Figure 5), however the width of the
“Maybe Stream” stream is only 0.1′′ at 20 Mpc, which
indicates the stream is only 10 pc wide. Thus assuming
10 pc is representative of the full width of the “Maybe
Stream”, the stream would be of lower initial mass than
Pal 5’s cluster. As a comparison, the thin MW streams,
GD1 and Pal 5 range in widths from 30-60 pc (Price-
Whelan & Bonaca 2018) and 40-80 pc (Bonaca et al.,
in prep.), respectively. It therefore seems unlikely that
a low mass cluster would produce such a long, bright
stream. One possibility is that the stream’s progenitor
cluster was much younger than Pal 5 and therefore leaves
the “Maybe Stream” with more bright stars (see Section
3.3). It is also possible that the “Maybe Stream” could
be closer to us than its nearby galaxies, but that would
not explain the issue of its thinness. Deeper observations
might help elucidate these remaining puzzles.
4.3. Gaps in cold stellar streams in external galaxies
The gravitational interactions between dark mat-
ter subhalos and stellar streams provide an intriguing
method for probing the dark matter subhalo power spec-
trum and thereby setting limits on the nature of the
dark matter particle (see e.g. Erkal et al. 2016, Bovy
et al. 2017, Price-Whelan & Bonaca 2018, Bonaca et al.
2018). Garrison-Kimmel et al. (2017) showed that the
presence of dark matter subhalos should be suppressed
substantially within the orbit of Pal 5 if baryonic disks
are included in dark matter only simulations of galaxies.
Despite this fact, gaps and irregularities have been re-
ported in Pal 5 (see e.g. Erkal et al. 2017, Bonaca et al.,
in prep.). These irregularities likely arise to due to Pal
5’s prograde orientation with respect to the disk of the
Galaxy, as Pal 5 will more likely be affected by molec-
ular clouds in the disk (Amorisco et al. 2016), torques
from the Galactic bar (Hattori et al. 2016, Erkal et al.
2017, Pearson et al. 2017) or interactions with spiral
arms (Banik & Bovy 2019).
The MW GC stellar stream, GD1 (Grillmair & Dion-
atos 2006), has an orbit which probes a similar region
of the Galaxy as Pal 5 (GD1’s rperi ∼ 14 kpc, GD1’s
rapo ∼ 26 − 29 kpc, Koposov et al. 2010). The orienta-
tion of its orbit, on the other hand, is retrograde with
respect to the disk of the Galaxy and its pericentric dis-
tance is larger than Pal 5’s. This makes GD1 a cleaner
laboratory for searching for potential past interactions
with dark matter subhalos. Interestingly, the recent de-
tection of an under density and a “spur” in GD1 using
data from Gaia DR2 (Gaia Collaboration et al. 2018)
can be interpreted as an interaction with a dense sub-
structure (Price-Whelan & Bonaca 2018, Bonaca et al.
2018)
Our work shows that WFIRST should detect many
thin stellar streams in resolved stars in nearby galaxies.
This will open up the possibility of exciting indirect de-
tections of dark matter through density distortions and
gaps in thin stellar streams. In external galaxies, we have
the advantage of being able to select galaxies without
spiral arms and bars, limiting the possible stream per-
turbers. As discussed in Section 4.1, most of the galaxies
in the Local Volume are low mass galaxies (Karachent-
sev & Kaisina 2019), which could be ideal stream hosts.
Furthermore, we will have the opportunity to look for
streams at greater galactocentric distances, where more
subahlos should reside (Garrison-Kimmel et al. 2017),
and we can potentially build up statistical samples to
measure subhalo properties as a function of host mass.
We will still have to exclude interactions with globular
clusters and satellites (see e.g. Bonaca et al. 2018), which
will be more difficult due to the lack of kinematic infor-
mation. However, we hypothesize that vastly increasing
the number of thin stellar streams with resolved stars
in external galaxies, will be crucial in our quest for an
understanding of dark matter.
5. CONCLUSION
In this paper, we have created mock globular cluster
stellar streams and investigated the observability of thin,
globular cluster streams in external galaxies. We have
used the physical properties of the MW stellar stream,
Pal 5, as our reference stream, and we have explored
GC streams with a maximum of ten times the mass of
Pal 5’s stream. Our estimates are conservative, as more
massive GC streams can exist. Based on our findings we
make the following conclusions:
1. For a survey with a 1 hour (1000 sec.) exposure,
including contaminating galaxies, WFIRST will
be able to detect old, metal poor globular clus-
ter stellar streams in resolved stars to 3.5 Mpc
(2.0 Mpc). This volume contains 199 (122) galaxies
(Karachentsev & Kaisina 2019), of which 7 (1) are
more luminous than 0.1×LMW. The exact num-
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ber of streams will depend on the globular cluster
population in the surveyed galaxies.
2. Assuming perfect star/galaxy separation, for a 1
hour (1000 sec.) exposure, WFIRST will be able
to detect old, metal poor globular cluster stellar
streams in resolved stars to distances of 7.8 Mpc (3
Mpc), a volume which contains 667 (150) galaxies,
of which 25 (2) are more luminous than 0.1×LMW.
The distance limit for detecting streams in exter-
nal galaxies is likely somewhere in between the lim-
its presented in 1. (perfect star/galaxy separation)
and 2. (conservative star/galaxy separation).
3. Current and future imaging surveys, using inte-
grated light, can resolve thin stellar streams out to
distances of ∼600 Mpc, depending on the streams’
width and location in their host galaxies. However,
the very low surface brightness of the streams (typ-
ically >30 mag/arcsec2) will likely prohibit the de-
tection of such systems, unless the streams origi-
nate from much more massive, young, and metal
rich clusters than Pal 5.
Our work provides a positive outlook on the future
prospects of finding thin stellar streams in resolved stars
with WFIRST in external galaxies. We emphasize that
detecting these systems in integrated light will be diffi-
cult. The thin streams in external galaxies can be used to
both indirectly probe the nature of dark matter through
gaps in streams, and to map orbit structures in external
galaxies and potentially the triaxiality of external dark
matter halos (see Yavetz et al., in prep.).
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APPENDIX
A. WFIRST EXPOSURE TIMES
Throughout the paper we have used a 1 hour exposure as our guideline for the limiting magnitude of WFIRST.
In this Appendix, we show how some of our results will differ if we instead use the guest observer capabilities of 1000
sec. exposures for WFIRST instead. A 1000 sec. exposure yields a Z087-band limiting magnitude of mag < 27.15 as
opposed to mag < 28.54 for a 1 hour exposure (see Spergel et al. 2013).
In Figure 6, we recompute the cumulative number of stars WFIRST would observe in a Pal 5-like, 5 × Pal 5-like
and 10 × Pal 5-like stream (see Figure 1 for details) for a 1000 sec. exposure with WFIRST as a function of Z087-band
limiting magnitude. From the Figure, we conclude that we lose ∼5 times the amount of stars for a 1000 sec. exposure
as compared to the amount of observable resolved stars for a 1 hour exposure (see Figure 1).
As we go to brighter limiting magnitudes, the amount of stars in the background of M31 will also decrease vastly.
We recompute Figure 3 using the updated amount of stars in each stream (see Figure 6). We estimate the stellar
halo backgrounds as described in Section 3.1.2, but now with a limiting magnitude < 27.15 instead of < 28.54. In
Figure 7, we show the results of injecting three mock-streams in each 10 × 10 kpc region, using a limiting magnitude
of < 27.15 to estimate the number of stars in the background and in each mock-stream. We conclude that using the
guest observer capabilities of WFIRST in M31, yields a similar (but slightly better) result for resolving GC streams
as currently possible with the PAndAS data (see Figure 2). In particular, we find that Cerr ∼ 15 (see Section 3.2.2)
for the Pal 5-like stream in the top row, and that the Pal 5-like streams are more apparent in the bottom row, where
Cerr > 20. For the 5 and 10 more massive streams, Cerr is much larger than 15, and the streams will be clearly visible
against the background.
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Figure 6. The cumulative number of stars in a Pal 5-like stream (solid line), a 5 × more massive Pal 5-like stream (dotted
line), and a 10 × more massive Pal 5-like stream (dashed line) for a given limiting Z-mag. The vertical lines show the limiting
magnitude of WFIRST for a 1 hour exposure (Z087 < 27.15) at the distance of M31 (i.e. shifted by 7.66 magnitudes from Pal
5’s current location), and at the distance of Pal 5 in the Milky Way. We indicate the amount of stars WFIRST should be able
to observe for the Pal 5-like, 5 × Pal 5-like and 10 × Pal 5-like stream in M31 (see n∗).
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Figure 7. This figure shows the same panels as Figure 3, but now we determine the number of stars in each mock-stream
by summing up the cumulative number of stars in the streams at the limiting magnitude of WFIRST (Z087 < 27.15) at the
distance of M31. We use a point size which is 10 times smaller than in Figure 2 to avoid crowding of the background. The black
bar in the top middle panel shows the scale of 10 arcmin for reference. There are 2440 ± 165 stars in the 10 × more massive
stream, 1233 ± 86 stars in the 5 × more massive stream and 259 ± 17 stars in Pal 5-like stream (see Figure 6). All stream stars
are assumed to have [Fe/H] = −1.3, thus all stream stars are resolved in each panel. At each RGC , we have updated the width
and lengths of the streams based on the tidal field they experience at these distances (see Section 2.3). Additionally, we have
updated the number of stars in each background field to illustrate what WFIRST will observe in M31 for a 1000 sec. exposure.
The 5 and 10 × Pal 5-like mock-streams are clearly visible in each panel, and hints of the Pal 5-like stream are visible in the
bottom row after applying metallicity cuts to the backgrounds.
